Pinpointing genes involved in non-right-handedness has the potential to clarify developmental contributions to human brain lateralization. Major-gene models have been considered for human handedness which allow for phenocopy and reduced penetrance, i.e. an imperfect correspondence between genotype and phenotype. However, a recent genome-wide association scan did not detect any common polymorphisms with substantial genetic effects. Previous linkage studies in families have also not yielded significant findings. Genetic heterogeneity and/or polygenicity are therefore indicated, but it remains possible that relatively rare, or even unique, major-genetic effects may be detectable in certain extended families with many non-right-handed members. Here we applied whole exome sequencing to 17 members from a single, large consanguineous family from Pakistan. Multipoint linkage analysis across all autosomes did not yield clear candidate genomic regions for involvement in the trait and single-point analysis of exomic variation did not yield clear candidate mutations/genes. Any genetic contribution to handedness in this unusual family is therefore likely to have a complex etiology, as at the population level.
Introduction
Hand preference in humans is strongly biased to the right at the population level, and is the most overt human behavioural lateralization, with only approximately 1 in every 10 people being left-handed (Hardyck and Petrinovich, 1977) . Hand preference is commonly assessed by item-based questionnaires such as the Edinburgh Handedness Inventory (EHI) (Oldfield, 1971) , which produces a spectrum of hand preference in the population that has a bimodal distribution. Roughly 1% of adults show intermediate levels of hand preference defined as ambidextrous, while the great majority show a preference for one hand over the other when considered across multiple tasks (Ocklenburg et al., 2014a) .
Behavioural lateralization is visible at early stages of human development. A majority of foetuses at gestational week 10 have been observed by ultrasound scanning to move their right arms more than their left (Hepper et al., 1998) , in a proportion strikingly similar to adult rates of handedness. A longitudinal study also found that foetal 'thumb sucking' at gestational age 15 was predictive of handedness at 10-12 years (Hepper et al., 2005) . These behavioural lateralizations in utero occur before brain anatomical lateralization becomes apparent in language-related regions around the Sylvian fissure during the second trimester of gestation, and strongly indicate a genetic-developmental program for human brain and behaviour that is inherently lateralized from embryo onwards (Francks, 2015; Willems et al., 2014) .
Indeed handedness is subtly related to functional language lateralization, hinting at overlapping genetic-developmental origins for these traits. While roughly 85% of humans have left-lateralized language dominance, a higher percentage of left-handers than right-handers have been observed with atypical (reduced or reversed) language lateralization, as assessed by functional transcranial Doppler sonography (fTCD) (Knecht et al., 2000) or functional magnetic resonance imaging (fMRI) (Mazoyer et al., 2014) . A recent study, again using fTCD, found that the correlation between left-handedness and atypical functional language lateralization in extended families was r ¼0.28 (Somers et al., 2015) . Another recent study, this time based on functional Magnetic Resonance Imaging (fMRI), found that fully reversed (i.e. rightward) functional lateralization for language was found in roughly 7% of lefthanders, but not at all in right-handers (Mazoyer et al., 2014 shown evidence for population-level handedness or pawedness. Subtle population-level paw preference in reaching tests has been observed in inbred mice (Waters and Denenberg, 1994) , although the subtlety of these lateralizations required large samples to detect them, and they varied in leftward versus rightward direction depending on the specific task (Waters and Denenberg, 1994) . Rats have shown a stronger population-level bias (73% right paw preference) than mice (Guven et al., 2003) . Apes have also shown evidence for population-level handedness, and some structural brain lateralizations similar to those found in regions important for language in humans (Cantalupo et al., 2009; Hopkins, 2013; Hopkins et al., 2011; Lyn et al., 2011; Meguerditchian et al., 2013) . Target animacy may play a role in these preferences (Forrester et al., 2011 (Forrester et al., , 2012 . These various mammalian species may prove to be useful models for understanding aspects of the genetics and development of human brain lateralization, although they have been barely, or not at all, studied in this regard (Francks, 2015) . The right hand is also argued to have been dominant in Neanderthals, through interpreting patterns of scratches on the incisor and canine teeth of fossils (Frayer et al., 2012) .
A meta-analysis study of thousands of Australian and Dutch twin families found the heritability of handedness to be close to 25% (Medland et al., 2009a) , which was measured with high-accuracy and strong statistical significance due to the large sample size involved. Single-gene models for handedness have been proposed and extensively discussed in the literature, including the 'right-shift' hypothesis of Annett (2003) (Annett and Alexander, 1996) , the 'dextral/chance' hypothesis of McManus (1985) , and a model proposed by Klar (1996) which assumes a recessive mode of genetic inheritance. These models integrate the concept of fluctuating asymmetry, in which loss-of-function genotypes at a hypothetical genomic locus result in randomization of lateralized brain development on the left-right axis affecting handedness. It is notable that mutations of certain genes involved in ciliary function are known to cause randomization in the direction of visceral lateralization (Hamada et al., 2002; Levin, 2005) , with half of patients manifesting situs inversus of visceral organs and half the normal pattern.
However, a genome-wide association study (GWAS) based on 3940 twins resulted in no individual locus significantly associated to handedness after correction for multiple testing across the genome (Armour et al., 2014) . This GWAS study was adequately powered to detect a major-genetic effect on handedness, if it was due to common variation in the genome. Therefore the authors estimated that at least 40 different genetic variants would be required to explain the heritable component of handedness in the population, in other words that locus and/or allelic heterogeneity was likely to be involved (Armour et al., 2014; McManus et al., 2013) . A preliminary report of a GWAS from the ENGAGE Handedness Consortium, based on 23,443 subjects, also did not indicate significant evidence for association (Medland et al., 2009b) .
A recently conducted linkage analyses on 37 Dutch families also did not identify genomic regions linked significantly to handedness, which was performed under the model of inheritance proposed by McManus, i.e. involving an additive genetic contribution and fluctuating asymmetry (Somers et al., 2015) . This study used heterogeneity linkage analysis, which allows for possible differences in genetic effects in the separate families. An earlier linkage study based on 25 nuclear families, performed under Klar's recessive model, also found no significant results (Van Agtmael et al., 2003) . A linkage study based on relative hand skill (i.e. lateralized motor performance) found suggestive loci of interest, but again no evidence for there being only one major-genetic effect on handedness in the population (Francks et al., 2002) . A genome-wide linkage analysis of extended Mexican-American families also did not identify genomic regions significantly linked to handedness, and the suggestively linked regions were noted to be devoid of obvious candidate genes (Warren et al., 2006) .
The combined, very small effects of many thousands of polymorphisms may also affect handedness, together with unknown environmental factors (one known factor is the phenomenon, more prevalent historically, of encouraging or forcing left-handers as children to do things with their right hands (Grabowska et al., 2012; Kloppel et al., 2010) ). Initial findings of small individual genetic effects involve the genes Leucine-Rich Repeat Transmembrane neuronal 1 (LRRTM1) and Proprotein Convertase Subtilisin/ Kexin Type 6 (PCSK6), which were both found in a set of families in which at least one sibling had dyslexia, and using measures of lateralized manual performance based on peg moving (Arning et al., 2013; Francks et al., 2007; Scerri et al., 2011) . LRRTM1 is a transmembrane protein involved in the differentiation of excitatory synapses (Linhoff et al., 2009) . It is not known if LRRTM1 contributes to the development of brain lateralization. PCSK6 is a protease that cleaves NODAL, a member of the transforming growth factor beta (TGFβ) superfamily involved in visceral organ lateralization, but again with no functional evidence for a role in brain lateralization. The PCSK6 gene has also been proposed to affect the degree rather than the direction of lateralized hand performance (Arning et al., 2013) . In general it is not clear that visceral and brain lateralization are closely linked developmentally, because people with situs inversus (visceral organs reversed on the left-right axis), and having the genetic condition Primary Ciliary Dyskinesia (PCD), did not show changes in rates of left-handedness or left-lateralized auditory language dominance in the largest studies of these issues to have been performed (McManus et al., 2004; Tanaka et al., 1999) . Another genetic study of handedness focused on a repeat-length polymorphism at the androgen receptor locus on chromosome X, and found that the number of repeats was associated with handedness (Arning et al., 2015) . However, each of these genetic findings requires further validation. Additional small genetic effects, potentially influencing aspects of brain and behavioural lateralization other than handedness, have been reviewed elsewhere (Francks, 2015; Ocklenburg et al., 2014b) .
Although the above genetic linkage and association studies of handedness appear to rule out major genetic effects that are due to common variation in the genome, it remains possible that certain individual, extended families with elevated rates of non-righthandedness may have relatively rare or unique genetic sub-forms of the trait that are affected disproportionately by a single gene mutation. Although one previous study used heterogeneity linkage analysis (Somers et al., 2015) , few of the individual families in that study were large enough to provide adequate statistical power to detect significant linkage, in the case of extensive heterogeneity of effects between families. In the present study we have considered a recessive major-genetic model in a single, large, extended family from Pakistan with multiple instances of consanguineous marriage and an elevated rate of non-right-handedness in the younger generations. Consanguinity is known to increase the chances of having recessive genetic traits and disorders in offspring, since offspring are likely to inherit two copies of sections of the genome identical-by-descent, and homozygous for any genetic mutations within those regions.
We performed whole exome sequencing using next generation DNA sequencing in 17 members from this family, which allowed us to perform not only a classical recessive linkage scan, but also systematic screening of DNA sequence variants affecting the protein-coding portion of genes in potentially linked regions of the genome. The exome is the roughly 1-2% of the genome that codes for proteins. In our analysis we allowed for incomplete penetrance (90%; i.e. allowing a 10% chance that a recessive mutation might not cause non-right-handedness) and 10% phenocopy (i.e. allowing people without the recessive mutation to still develop non-right-handedness at roughly the rate in the general population). We additionally tested a recessive model similar to that proposed by Klar (1996) , by modelling 50% penetrance (again with 10% phenocopy), i.e. that the recessive mutation would result half the time in the normal pattern of right-handedness, and half the time in non-right-handedness (akin to recessive mutations causing situs inversus with 50% probability in primary ciliary dyskinesia). We also tested for linkage under an additive model akin to the 'dextral/chance' model of McManus (1985) . Finally, we performed a set of exploratory analyses that were intended to ensure that our main analyses had not missed clear signals of linkage in the family. These allowed for a reduced population prevalence of left-handedness in Pakistan, or a higher-penetrance additive effect.
Materials and methods

Subjects and handedness assessment
Family 3LHAND is a family from Pakistan, with 6 generations and 89 members as shown in Fig. 1 . Handedness of 35 of the family members was assessed with the 10 item version of EHI (Oldfield, 1971) , and 14 of these members (40%) were either in the ambidextrous or left-handed range, with a clear separation between righthanded and non-right-handed members (Fig. 2) . Based on this distribution we classified members with negative EHI scores as non-right-handed, and those with EHI scores above 50 as right-handed. No subjects had EHI scores between 0 and þ 50. We did not attempt to further sub-divide the non-right-handers into lefthanders and ambidextrous people. This was for two reasons: first, there was no clear distinction in the distribution of EHI scores in this family to make this division (Fig. 2) , and second, left-handers are generally under more cultural pressure than right handers to carry out certain tasks with their non-preferred hand, which could potentially cause skewing of the left-handed EHI distribution towards the ambidextrous range. The rate of 40% non-right-handed is high compared to the general human population (Hardyck and Petrinovich, 1977; Perelle and Ehrman, 1994) . We were not aware of reliable and recent data on the prevalence of non-right-handedness in the Pakistan population specifically, but cultural suppression may make the prevalence even lower than in Western countries (Masud and Ajmal, 2012) . The handedness of the older generations and deceased people in the family was not assessed. For our analysis, any individuals who had not completed an EHI themselves were considered as having unknown phenotypes. The overall family tree has 10 consanguineous marriages (Fig. 1) . No family members were reported to have any other remarkable behavioural traits, nor had they been diagnosed with schizophrenia, dyslexia, low-IQ, or neurological diseases such as early onset Alzheimer's or Parkinson's disease. There was no family history of any inherited disease/ disorder. All 35 participating members were healthy with normal school/work lives. DNA samples were extracted from blood (phenol extraction). Seventeen of these members were selected for exome sequencing (Fig. 1) . Amongst these 17 members, 8 were non-right-handed and 9 were right-handed. The study was approved by the Institute of Biomedical and Genetic Engineering Ethical Committee, Islamabad.
Next generation sequencing
DNA samples collected from 17 members of the 3LHAND family were used for whole exome sequencing by the genomics research organization and service company 'BGI' (Hong Kong/Shenzhen) using Illumina's HiSeq 2000 technology (BGI, 2015; Illumina, 2015) . Exome capture was done with the Agilent SureSelect All Human Exon V4 (51 megabase) array (SureSelect Performance, 2015) . Sequencing was at 100 times average coverage depth with library insert size 150-200 base pairs. Depending on the amount of available DNA, one or two libraries were constructed for each sample.
NGS data processing 2.3.1. Alignment and pre-processing
Clean raw reads ( $ 94% of the total reads -i.e. excluding adaptor sequence, low-quality bases for more than 50% of the bases in a read, and unknown bases for more than 10% of bases in a read) were mapped onto the human reference genome (UCSC Genome Browser hg19) using the software BWA (Li and Durbin, 2009 ). The mean sequence read length was $ 88 base pairs. 99.3% of the target exome was covered by at least a 10 times sequence read depth. PCR duplicated reads were marked using Picard (Picard, 2015) .
Variant calling and annotation
Raw reads were reordered by use of the software Picard (Picard, 2015) , and realignment around indels (insertion/deletions) and base quality control recalibration Fig. 1 . The structure of the 3LHAND family. Squares and circles represent males and females respectively. Black filling indicates non-right-handed people, white filling indicates right-handed, grey filling indicates that handedness was not measured and was therefore considered as unknown in our analysis. The 35 people who completed an EHI are indicated by stars, and among those, the 17 whose exomes were sequenced are indicated by double stars. Consanguineous marriages are indicated by double lines connecting subjects. Note that there may have been undocumented consanguineous marriages further back in time, affecting the degrees of relatedness of the founding individuals. Fig. 2 . Frequency distribution of hand preference scores based on the EHI in 35 family members. Hand preference scores classified as belonging to non-righthanders are indicated by grey shading. The EHI score can range from fully lefthanded ( À 100) to fully right-handed ( þ 100).
was performed using the software package GATK McKenna et al., 2010; Van der Auwera et al., 2013) . The software SAMtools was used for reading binary (bam) files. A target interval file was generated by using the UCSC Genome Browser (UCSC Genome Browser on Human, February 2009 (GRCh37/hg19) Assembly, 2015) (the reference genome was hg19, and 100 base pairs surrounding the exons were also included). Genetic variants in the sequence data were called using the HaplotypeCaller tool of GATK, using its default settings and pipeline, except that we set the confidence thresholds as: stand_call_conf ¼50.0, stand_emit_conf ¼ 10.0. More accurate variant calls can be achieved by including data from larger numbers of subjects simultaneously, and we therefore ran this process using the 17 sequenced members of family 3LHAND together with 10 additional subjects from another project that had been sequenced with the identical protocol and in the same batch. A total of 266,171 variants across all subjects were called in this way. 40,106 out of these 266,171 variants were not present in the dbSNP database. The number of variants called per sample had a mean of 232,704 (min ¼ 214,654, max¼ 255,524) . Quality filtering procedures were completed by using VCFtools (Danecek et al., 2011) : Variants with less than 10 Â read depth and a quality score of 50 were filtered out, and variants not assigned to specific chromosomes were removed. The 264,714 remaining variants were annotated with wANNOVAR (the web based version of ANNOVAR) (Wang et al., 2010) .
Multipoint parametric linkage
Multipoint linkage analysis requires a set of polymorphisms spaced roughly evenly over the genome but which are not in linkage disequilibrium (LD) with one another. This analysis does not require that the causative variant itself is retained in the multipoint linkage map. For this purpose we first removed indels and then pruned the variants for pairwise LD (using the software PLINK (Purcell et al., 2007) with default parameters, window size ¼ 50, SNP shift ¼5, variance inflation factor¼ 2). A total number of 50,045 exomic variants with rs identity numbers in the dbSNP database (Sherry et al., 2001 ) were subjected to LD pruning. LD was defined according to a set of 1303 Dutch subjects from the Brain Imaging Genetics (BIG) dataset (Franke et al., 2010) , so that only the variants genotyped or imputed in BIG could be selected for the pruning. Variants with anything other than 2 alleles were also removed. This resulted in 14,103 independent (un-correlated) variants. A genetic map was then created using a tool within the SNP/Max system of BC Platforms (2015). Variants showing Mendelian errors were removed using PedCheck (O'Connell and Weeks, 1998). A further pruning step based on polymorphism information content (PIC) within the family (minimum distance between markers¼0.2 cM, most informative marker selected within 0.1 cM) resulted in 4549 variants. Note that this set of variants merely provided a scaffold map of highfrequency polymorphisms for performing unbiased multipoint linkage analysis, after which we would interrogate every bi-allelic, exonic, non-synonymous variant within putatively linked regions, without any of this filtering (see Section 2.5 below).
Multipoint parametric recessive autosomal linkage analysis was carried out using the program SwiftLink (Medlar et al., 2013) . This program handles multiple consanguineous marriages without 'loop breaking', and therefore fully exploits the structure of such families for recessive linkage analysis. For all linkage analysis in this study, we used the full family structure of 89 individuals, while only assigning phenotypes for the 35 who had completed the EHI, and only assigning genotypes for the 17 phenotyped subjects who had also undergone exome sequencing. For our primary analysis, LOD scores (log10 of the odds of linkage) were calculated using an assumed 90% penetrance for non-right-handedness for a recessive causative mutation. A phenocopy rate of 10% was specified to reflect the approximate population frequency of non-right-handedness. We were able to manually simulate a recessive mutation co-segregating near perfectly with non-right-handedness in this family. The simulated variant had a frequency of 0.2 among the family's founders, i.e. it needed to be present in 8 out of the 19 unrelated founder individuals in heterozygous form. We therefore specified an assumed mutation allele frequency of 0.2 in our linkage analysis. Note that this does not necessarily assume the mutation is present at 0.2 frequency in the general Pakistani population. It could be much rarer in the population, but be at an elevated frequency in the founders of this family because of undocumented consanguinity higher up in the family tree that affected the relatedness of founders, and/or because some founders may have come from a particular regional sub-population. Both scenarios are likely for this family.
We also performed a multipoint linkage screen under a fully recessive model with 50% penetrance for the mutant homozygous genotype, and a multipoint linkage screen under an additive model for which the homozygous mutation had 50% penetrance and the heterozygote had 25% penetrance (phenocopy rate was again set to 10%; see Section 1 for the rationale). Mutation frequency was again set to 0.2. We considered these as secondary analyses for two reasons. First, in order for a relatively weakly penetrant allele to explain the pattern of left-handedness in this particular family, it would need to be the major (i.e. more frequent) allele among the founders, which is unlikely even if there was undocumented consanguinity higher up in the family tree, and given the overall population frequency of non-right-handedness together with the fact that genome-wide association scanning has not identified major-genetic effects on handedness arising from common genetic variation (see Section 1). Second, our phenotype of non-righthandedness as a single group in this particular family, i.e. arising because ambidextrality was continuous with left-handedness in the EHI distribution for this family (Fig. 2) , does not necessarily support models based on fluctuating asymmetry in the same way as a clear left-versus-right distinction might.
Single-point parametric linkage
Single-point linkage analysis was conducted for all bi-allelic, non-synonymous (i.e. protein altering) exonic variants that were located within genomic regions showing LOD scores41 in the multipoint analysis, whether or not they had been included in the multipoint linkage map, and without regard to their presence, absence or reported frequencies in on-line databases. Thus the full spectrum of rare, private, ancestry-specific and common variants were tested from within regions of multipoint linkage showing LOD scores41. As SwiftLink only performs multipoint analysis and cannot test individual variants for linkage, the program Pseudomarker was used for single-point analysis (Gertz et al., 2014; Goring and Terwilliger, 2000; Hiekkalinna et al., 2011) . This program deals with consanguineous marriages by 'loop breaking'. We used the same linkage model parameters for single-point analysis as for the multipoint analysis that had implicated a given genomic region (penetrance, phenocopy, mutation frequency).
Maximum LOD scores possible
We used our manually simulated variant, which showed complete homozygous co-segregation with non-right-handedness among the 17 subjects that we sequenced (8 non-right-handed, 9 right-handed), in order to assess the maximum LOD scores that we could have achieved with this family by having sequenced these 17 members. The manually simulated variant was entered into linkage analysis the same way as real variants, except that for multipoint analysis we simulated ten such variants in a row along a dummy chromosome, each at 1 cM genetic distance from the previous one. For multipoint analysis under the 90% penetrance model, the maximum LOD score was 2.17, under the fully recessive 50% penetrance model it was 1.16, and under the additive model described above it was 0.52. For single-point analysis under the 90% penetrance model, the maximum LOD score was 1.43, under the recessive 50% penetrance model it was 0.69, and under the additive model it was 0.33. Note that a dummy variant perfectly co-segregating with non-right-handedness in homozygous form is a priori not well fitted for the models with lower penetrance, because these models require that a large number of right-handers would also be homozygous for the mutation. However, under such models, as noted above, the frequency of the mutation would need to be unrealistically high in the founders of this family (it would need to be the more frequent allele in the founders).
Exploratory analyses under different models
As our analyses did not yield significant evidence for linkage or implicate specific variants in non-right-handedness (see below), we performed additional, exploratory multipoint analyses under various different model parameters to rule out the possibility of having missed relevant signals in the data. First, due to possible cultural suppression of left-handedness in Pakistan (Masud and Ajmal, 2012) , we repeated the three linkage analyses described above (Section 2.4), except that we reduced the phenocopy rate from 10% to 3%. Second, we applied a higher-penetrance additive model for which the homozygous mutation had 80% penetrance, the heterozygote had 40% penetrance, and with a 10% phenocopy rate for the homozygote wild-type. For all of these exploratory analyses, a mutation frequency of 0.2 was used. After multipoint linkage analysis, single point LOD scores were calculated for all bi-allelic, exonic, and non-synonymous variants located within the linkage regions that showed multipoint LOD 4 1, and by applying the same parameters used in the respective multipoint linkage analysis that implicated a given region.
Results
Multipoint linkage across the genome
Under the model of 90% penetrance for a homozygous mutation, no regions of the genome showed multipoint linkage with non-right-handedness at LOD scores greater than 1.35 (Fig. 3) . This was considerably lower than the maximum possible LOD score that this analysis could have yielded (LOD ¼2.17), as assessed by our simulation of a perfectly co-segregating homozygous mutation with non-right-handedness among the 17 sequenced subjects. Only four regions of the genome showed multipoint LOD scores above 1, which were on chromosomes 2, 7, 9, and 14 (Fig. 3 ).
Under the model of 50% penetrance for a fully recessive homozygous mutation, no regions of the genome showed multipoint linkage with non-right-handedness at LOD scores greater than 0.88 (results not shown). Under the additive model described above, no region of the genome showed a LOD score greater than 0.53 (results not shown).
Single-point linkage of protein-altering variants
Within the four genomic regions showing multipoint linkage LOD scores greater than 1 under the model with 90% penetrance, there were 58 bi-allelic variants in 24 different genes that were exonic and non-synonymous (i.e. DNA sequence variants that cause changes in protein amino acid sequences). Each of these variants was tested for single-point linkage with handedness, under the same model parameters that implicated the genomic regions in multipoint analysis. Only three of these variants yielded single-point linkage p values below the nominal significance level (i.e. not adjusted for multiple testing) of p ¼0.05 (Table 1) . None of the three linkages were significant in the context of multiple testing. All three variants were already recorded in existing databases of polymorphisms (i.e. none were novel/unique to this family) (1000 Genomes Project Consortium et al., 2012 NHLBI Exome Sequencing Project (ESP) Exome Variant Server, 2015) . Amongst these 3 variants, only one (rs1061566) yielded a singlepoint LOD score above 1 and might therefore in principle have explained the multipoint linkage spanning this genomic region, as a recessive mutation for non-right-handedness. This variant is located within the IQCE gene on chromosome 7p22.3, and is responsible for a threonine to methionine amino acid change in the protein at location 625. However, for this variant, non-righthandedness was linked to the major (i.e. more common) allele as reported in the 1000 Genomes database (1000 Genomes Project Consortium et al., 2012 for the Pakistani population (86% major allele frequency). It is therefore unlikely that this polymorphism can be highly penetrant for non-right-handedness, otherwise nonright-handedness would exist at a higher frequency in the population. For this reason we regard this non-significant finding as statistical noise.
Exploratory analyses under other models
When modelling a low-phenocopy rate of 3% to reflect possible cultural suppression of left-handedness in Pakistan, the highest multipoint LOD score in the genome was 1.29 for the model with 50% penetrance for a recessive mutation. When modelling the higher-penetrance additive model (Section 2.7) the highest LOD score in the genome was 0.78. Single point linkage analysis of all bi-allelic, exonic, and non-synonymous variants located within the regions that showed multipoint linkage LOD 41 in these exploratory analyses, revealed no individual variants with single point LOD scores greater than 1.
Discussion
The molecular genetic basis of human brain lateralization is unknown. Identifying genetic variants linked to human handedness has the potential to increase our understanding of the ontogenesis of lateralized functions in the brain, which prominently include motor control and language, but also a range of other processes such as visuospatial cognition (Gotts et al., 2013; Herve et al., 2013; Renteria, 2012; Tomasi and Volkow, 2012) . Alterations of brain lateralization and handedness have also been reported to Fig. 3 . Multipoint linkage analysis across all of the autosomes, under the model of 90% penetrance for non-right-handedness for a recessive mutation, and 10% phenocopy rate. The x-axis shows genetic distances (in Haldane centimorgans) within each chromosome; the y-axis shows the linkage LOD scores.
Table 1
The three exonic non-synonymous variants that showed nominally significant single-point linkage to non-right-handedness (p values o ¼0.05), and were present within regions of multipoint linkage with LOD scores greater than 1, under the model of 90% penetrance for a homozygous mutation, and a phenocopy rate of 10%.
Chromosome Position
Variant name Gene Singlepoint LOD Deep-Soboslay et al., 2010; Preslar et al., 2014; Renteria, 2012) . Genes involved in brain lateralization may be relevant for some forms of these conditions. In this study we used whole exome sequencing of seventeen members of a large, extended family to identify genomic regions and individual genetic variants linked to non-right-handedness. Our primary hypothesis for linkage was under a strongly penetrant recessive model of inheritance, which was appropriate to the highly consanguineous nature of the family, the relatively highfrequency of non-right-handedness within the family, and the distribution of hand preference scores among non-right-handed members of the family. The use of next-generation sequencing, and the analysis of a single, large, consanguineous family, were novel aspects of our study, neither of which have previously been applied in genetic investigations of handedness. Our approach was suited to the possibility that unusual families may have relatively rare, or even unique, major-genetic subforms of non-right-handedness. Our focus on subjects from Pakistan was also novel, as previous genetic studies of handedness (see Section 1) have made use of predominantly or wholly European-descent populations or families, and may therefore have missed genetic effects that are present in other populations but weak or absent in Europeandescent populations.
By simulating a dummy marker with perfect co-segregation of a homozygous allele with non-right-handedness among the seventeen subjects who we sequenced from the family, we were able to obtain a maximum possible LOD score of 2.17 in the family, under a model assuming 90% penetrance for the homozygous mutations, 10% phenocopy, and 20% mutation allele frequency among the family's founders. Had such a mutation been present in our real data, we would most likely have detected it through our strategy of multipoint linkage analysis across the genome followed by single-point analysis of all protein-altering variants within putatively linked genomic regions. As it was, our multipoint analysis yielded a maximum linkage that was considerably lower than that which was attainable in this family, indicating that no such mutation was present in the family. Within genomic regions showing multipoint LOD scores greater than 1, we found no protein-altering variants that showed convincing linkage to nonright-handedness and which could realistically act as penetrant mutations in the Pakistani or world populations. We also considered two models of fluctuating asymmetry but these analyses yielded even weaker linkage results in this family. Additional exploratory analyses that allowed for reduced population prevalence, or a higher-penetrance additive effect, also did not result in any variant of potential interest. Note that a LOD score of 3 is conventionally used as a threshold to declare significant linkage in a genome-wide scan of this kind. Although our primary model only permitted a maximum LOD score of 2.17, if we had found such a linkage, together with a likely causative variant within the corresponding genomic region (such as an overtly disruptive, rare mutation in a neurally expressed or key developmental gene), then the combination of evidence would have motived further research in population datasets and other families, as well as gene functional analysis. On the basis of our data we conclude that nonright-handedness in this family is likely to be an etiologically complex trait, potentially involving locus and allelic heterogeneity, polygenicity, and unknown environmental influences, as has been indicated for non-right-handedness at the population level (see Section 1).
While protein-altering DNA variants are a priori the most likely class of variants to have highly penetrant effects on human traits, it is possible that our focus on exomic, protein-altering variation may have missed other classes of potentially relevant sequence variation. Non-exomic variation can be present in genomic regulatory elements, which can affect the amounts and developmental timing of, for example, gene expression and protein translation (Battle et al., 2015; Brucato et al., 2015) . Another possibility is that a structural variant, for example a larger scale deletion or duplication, was present in the genomes of some of the family members, and not detected by the exome sequencing. A further possibility is that our exome capture and sequencing missed a putatively causal exomic variant for the trait, as the protocol that we used is known to miss between 5-10% of proteincoding DNA variation (Gnirke et al., 2009; SureSelect Performance, 2015) . However, even if there was a non-exonic, missed exonic, or structural mutation in the family, which had a high-recessive penetrance for non-right-handedness, it would still have most likely resulted in a detectable linkage signal in multipoint analysis, which uses only a scaffold map of polymorphisms to assess broad genomic regions and does not require the causative variant to be included in the map.
It remains possible that other large, extended families with elevated rates of left-handedness may be affected by rare or unique but relatively penetrant mutations, acting in various ways with regard to allelic dominance, and with various degrees of penetrance. We continue to advocate the collection of such families for combined linkage and exome or whole genome sequencing analysis, which holds the potential to identify key genes involved in human brain lateralization.
